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Tvo  combustion  efflcienclea  lire  deflnod! 
the  ratio  of  the  neasrired  to  the  Ideal  air  epecl- 
flc  Impilso,  and  the  ratio  of  th®  actual  rlae  in 
stagnation  temperature  to  the  theoretically  cal- 
culated value.  These  offlcJ.oncles  may  be  measured 
by  the  deteralnation  of  approprlato  stagnation  and 
static  pressurea  and  by  direct  temperature  meas- 
urements*  It  la  determined  that  the  fomer  effi- 
ciency la  relatively  inssasltlve  to  the  mothoc  of 
meaaurement.  Determination  of  the  combuetlon  temp- 
erature on  the  other  hand  la  not  feasible  ftnom 
raeasuremonts  of  the  appropriate  upstream  prosBurea, 

A fair  accuracy  may  be  obtained  utilizing  the  stag- 
nation preastire  probe,  and  an  accurate  detenu  Inst  ion 
of  temperature  profiles  is  pcosible  by  utilization 
of  the  pnoumatlc  temperature  probe,  Ihe  principles 
and  design  criteria  of  the  pneunatlc  probe  are 
discussed. 


ii-JTJr. 


I,  IHTRODUCTIOS 


The  ran  rocket  conflstu'atlon  b&s  smny  aspects 
of  intareot  (Figvtre  1).  Foaaible  applioation-e  of 
tM.0  configuration  woxild  b«  for  use  as  «n  ejector, 
an  *fterbui*nesr  or  a combined  rscket-rssi  jet  t^pm 
power  plant*  A t:  ptoel  rwn  rocket  conflguratioa  is 
indicated  In  Figure  1,  In  this  dlagrass  Station  ^ 
Indloatea  the  atroasa  tuba  at  ambient  condltlonB, 
Station  i the  inlet  to  the  diffuser,  Station  1 the 
bum«r  entrance.  Station  2 the  bomar  exit, 

Station  n the  xio22l«« 

She  deviea  may  use  a bipropallant  fuel  system 
with  Tsrylns  dsgreos  of  oxidizer  to  fuel  rs^tios, 
or  use  a monopropallant  fuel  »rlth  tbs  p^=o<iuct*  of 
dacompoaitlon  In  the  racket  forming  the  fuel  for 
tho  ram  air  in  the  combustion  chamber. 

Theoretical  cslculatlonc  of  the  perforaanaa 
of  the  ram  rocket  indicate  It  to  be  suporior  both 
aa  to  thruet  per  cross  aection&l  area  and  as  to 
specific  fuel  consumption  to  the  ram  jet  in  the 
lower  Kaoh  range  and  to  tend  to  coincide  with  ras 
Jet  performance  at  fsupsrsonic  speeds  when  particu- 
lar fuels  are  used  (1), 


1* 


It*  apparent  »up«rlorlty^  In  general  y rub^ 
bs  *ttribut«Ki  to  it*  InereRsod  air  fl.o^  p®p  vmit 
of  rrontal  aroa.  <ius  to  the  rockert  indiiotion  offset 
tJ>«  static  thrust  of  the  rocket  portloa,  and  th® 
inaensltlTltj  of  th»  rocket  ebaaber  to  aasbier^t 
ooz^tlon*.  Th«  laat  named  factor  suggest  a that 
tt  la  possible  to  proTld®  fuel  to  the  ran  air  la 
mich  a state  that  cottbantlon  cia  bo  effected  over 
much  Vidor  air  fuel  ratios  and  pressur^a  than  art 
now  possible,  utilizing  the  conventional  ram  jot 
conf  igurat  Ion . 

It  Is  tha  purpose  of  this  paper  to  exaciln® 
aothode  of  crraluating  the  combustion  offlcloney  of 
th«  ram  rocket  iTiimer,  e.'JtperlTaentallv*  using  a 
bumsr  ducte 
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II  EJaUIPMEOT 

Air  *tq?ply  Is  nrevlded  to  the  burttsar^  by  two 
125  hor9«povasi*  8paio«r  CsntrlftJgal  Costporossorv 
whioh  stay  b«  r*un  either  In  parellel  or  in  series* 
The  tecperatt^rs  is  (^strollsu  by  ^Mfiable  water 
cooled  radiators*  The  air  supply  is  conreyed  by 
a twelTs  inoh  duct  Tertlcally  down  into  a 4-1/2 
Toot  diameter  <>^tling  ehaaber*  The  vertioal 
section  contains  an  i^eetrlcally  actuated  butter^ 
fly  walre  to  control  the  mass  flow  of  air  (See 
Figure  2)* 

The  Immer  is  a twelwe  foot  long,  eight  inch 
diameter,  horizontal  iron  pipe;  exhansting  to 
atooephere*  Statio  pressure  taps*  whioh  lead  to 
water  manometers*  are  located  erery  two  Inches 
along  the  duct.  The  duot  is  water  cooled  In  seven 
separated  sect Ions, 

The  rocJfcet  body  is  four  Inches  in  external 
diameter*  with  a vindshiiAd  oap  on  the  fronts  and  is 
streamlined  to  a one  inch  exhaust  diameter.  It  la 
concentrically  located  and  aligned  with  the  center- 
line  o?  th®  burner  by  means  of  a steel  strut,  Fro- 
pellsut  and  Inatruaentatiorj  and  lead?;'  to  the 


ar®  xnin  along  this  strut  lae.,ld«  a ntretwa - 
lining  fairing. 

Air  flov  moasurofcecite  are  laad©  by  moajia  of 
a Tajlor  Pltot^Vonturl  Meter  and  are  road  on  cr. 
Inoliaed  wator  aanooeter  to  an  aocnracy  of  one 
percent*  Fuel  flow  saamtrenents  ar©  effected  by- 
means  of  a Potter  Flov  Metexr  and  ©rosa  checked  by 
moans  of  recording  tlic  variation  of  fuel  tank 
weight*  The  tank  weight  1«  measured  by  means  of 
four  rcizUTorolng  elaotronio  strain  gages  aounted 
on  a steel  strain  ring  with  a dead  weight  calibra- 
tion befox*e  and  after  each  run* 

Stagnation  pressure  Is  measured  froa  a 
static  tap  in  the  settling  chamber  and  read  on  a 
merotury  manonetar  referenced  to  ataoepbere* 

Incoming  air  stagK^tlon  tsKperatur©  is  aeas- 
nrod  bj  means  of  a calibrated  iroa-constaataa 
thenaocoupl®  located  on  the  nose  of  the  rooket* 
Cooling  losses  froft  the  combustor  sir©  s^^alnated 
by  »«©ana  of  thei-^ooxiples  located  at  the  inlet  and 
th©  scfTSSi  sshsusst  pipes*  Water  flow  la  aseasurod 
by  means  of  calibrated  orifices*  It  shoul.d  be 
noted  that,  aJ. though  a pr'?esur&  rugulatcr  was  in- 


etalled  In  th»  upstream  line.  It  to&s  mt  be®!  pos- 
alMe  to  avoid  fluctuation  in  weter  laase  fX<w 
rate»« 

Rooi^et  thrust  Is  <«r*JLuat®<l  by  t,-wo  monjua* 

Four  ©loctrlc&ily  reinforcing  strain  gages  on  the 
roclcet  Etrut  ineaetire  tho  strain  of  the  strut,  Hale 
Is  «ral\:a.te'i  by  means  of  a deed  weight  calibration* 

The  rocket  etrut  effoctlvsly  Is  (lot?l6ti®d  as 
a boll  crank  ao  that  the  forwsx*d  thrust  of  the 
rocket  Is  transmitted  downward  to  the  top  of  sn 
Saery  Rydrsullo  Cylinder,  The  thrust  le  then 
measured  hy  the  pressure  read  on  a calibrated 
Boxirdon  Tube  Cage* 

Direct  measvirement  of  combustor  terapex^aturee 
prosontB  some  difficult  problems.  To  obtain  a 
true  thermocouple  stagnation  tepiperature,  the 
temperature  recovexTy  nnxet  be  evaluated  and  radlistloa 
losses  Biust  be  minimized  by  ahlelding.  In  view 
of  the  fact  that,  at  stoichiometric  alxtur©  ratios, 
flame  tesporatures  are  much  above  the  malting  point 
of  available  metals,  some  other  device  than  thormo-' 
couples  mast  be  isaployed. 
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High  teajperatiire  aeatruretnent  hae  cuatoaarily 
baaa  e.ccoffiplish*d  by  sodiim  D lln®  rorereal.  The 
D line  method  has  the  obrlous  disadvantage  t^at  It 
depends  npon  the  opinion  of  the  operator  as  to  when 
the  D iiaa  reparses,  and  on  the  opinion  of  the  op«ra-> 
tor  in  evaluating  the  temperature  brightness  of  tbo 
D line  light  aourco  with  an  optical  pjroaeter  or 
tAetraoplle.  A esoond  praotloal  consideration  is 
that  the  static  temperature  of  an  experlaental  burner 
will  be  sieasured  with  the  operator  a safe  dlatanre 
awa7(  obviously  necessitating  a cumbersome  optical 
syatam. 

An  ingenious  solution  to  this  problem  was 
presented  by  David  Moore  of  Fairchild  Aircraft  in 
the  Aez*onautlcal  Engineering  Review  in  I9tfi  (2). 

TiiQ  device  described  was  a water  cooled  pneoaiatlo 
probe,  which  can  bo  utilized  at  tamperaturas  much 
higher  than  the  melting  point  of  the  metal  fro* 
which  It  is  raede  (Figure  6), 

She  pneumatic  probe  is  based  upon  the  prin- 
ciple that  the  mass  flow  through  a choked  orifice 
can  be  lacaiS^ired  as  & function  of  tiio  upstream  total 
pressures,  the  orifice  aroa,  and  the  local  speed  of 
Bound 
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Kotlas  that  (Y^) 

Tha  ma«e  flov  of  gas  b«  vritt«ta« 

® ^ ^oplfloe 
» 

* f(y#S)  Xh/MBO 


yhmre  sr-ay  bo  s»^?»tr©<r  and  A orlflca  ia  fe^iovn. 

If  the  aaa®  flov  through  tha  wataa*  cooled  proha 
1«  chilled  a frozen  ocullihrltia  aay  b®  siasiist^^ 
j with  T and  H oonetant.  Bj  »>v  flowing  this  ooolad 

I ^ saw  through  a sooot;^  sonic  orifice^  fha  naas  flow 

Bsay  bs  computed  from  as^sorad  Talnes  of  orlfiaa 
’ area,  stagnation  prassora  and  stagnation  tampara- 

tura«  At  the  reduced  gas  tsmparatoras  it  Is  pcs- 

i 

j sibla  to  use  an  unshielded  thamocotipla  with  no 

j oorraotlon  tor  radiation  lcBBas»  By  equating  the 

I BUias  flows  the  entrance  stagmtion  t«riiperatur«  may 

’ b®  computed; 

i » « fCr^)  * f(t;a) 

1 ^ ^ 


B / v-'-r^.,.’**' » ^«»w. »,:•!>•  j-'^ *v»« ■ 


or 


*8l  “ 


^B2j 


‘S2 


The  preseureo,  and  are  meaa^^^ed  on 

merotury  msujoaetera , la  known,  and  is 

measured  by  a calibrated  Iron-constantan  thermo- 
couple referenced  tc  Ics  bath. 

All  measurements  are  either  photographically 
or  electrically  recoi’dod  on  Leeds  and  Koirthrup 
Speedomax  Recorders. 
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III.  MEASUREMENT  OF  COMBUSTOR  EFFICIENCIES 

Combustor  ©fficlonclee  are  affected  by  the 
completoneaa  of  combustion,  th«  alr/fuel  range 
of  operation,  the  fuel  Injection  systam,  the  loss 

A ^ A ^ A.  ^ ^ V«*  ^ ^ ^ ~ _ 

Ail  k*\J  jura  t*4iw  ».«m.  o 4#wJ.  ^ 

buetor  dimenslonfi , the  exit  teraperatur©  profile, 

%jO'i  the  night  conditions  of  the  Yo’nicle  it  propels. 
It  ift  obvious  that  these  conditions  are  interrelated, 
yriwdm&ri,  Bennet  and  Zwlok  ircposed  that  the  combus- 
tion ©ffloleacles,  be  repreaoutod  by  (5)! 

lz.\  * ^<riy  yTi'^ 

7^  8 s' 

Where  the  latter  is  named  an  efficiency  charaoter- 
iatio  mssber. 

Since  tiie  experimental  apparatus  has  a limited 
range  of  inlet  conditions,  flight  conditions  may  be 
extrapolated  to  varloue  altitudes  and  Mach  number's 
by  the  proper  coabinatlon  of  inlet  preesuroe 
vejiporatures  and  the  assumption  of  a roesonabl© 
diffuser  efficiency.  The  roclcet  dosign  makss  it 
desirable  to  operate  the  rocket  at  very  neerlj 
fixed  operating  condition  as  regards  fidel  Tlow 
and  to  control  the  alr/fuel.  ratio  by  varying  the 


> * 


incogtins  Haao®  the  night  conditioxss  aziS  th® 

blovout  velocitle®  fcre  Indicated  by  th®  air  fuel 
ratio  and  the  geoosetry  of  the  eoiabuetor.  Since 
on®  of  the  primary  interests  in  this  conflstcration 
lo  the  extension  of  the  narrov  range  of  pormisBlble 
operating  air  fiA®!  reties,  this  cflXl  be  seleoted  as 
the  independent  variable  of  the  experimental  oom- 
bustion  efficiemcy. 

If  oombUBtor  sizes  and  pressxxra  losses  are 
within  reasonable  limits,  the  moat  Indicatire 
ecabustor  efficiency  can  b®  directly  defined  as! 

>1  « measured 

T2SP;T  Ideal 

A frequently  used  criterion  of  combustor 
efficicjncy  is  the  ratioe  cf  the  Air  Specific  Impulse, 

V<"J  = Vm 


Where 


(Sg)f(H)  meaeured 
ideal 


and  is  deflneMl  as! 
a 


* '°a  V ff  Y 


See  Appendix  I 


rM.s  ic  eoaewhat  aor©  indicative  of  the  trae 
burner  efficiency,  S T(K)  Ideal  le  computed  Tipon 
Raxlelsh  lino  heating  froro  entrance  tamperattcre  and 
Mach  nuahor  to  ©Alt  adiabatlo  flcjoe  tenpemture  and 
Mach  number.  This  efficiency  voui.d  indicate  both 
the  actual  tempera ttoro  rise  acrosB  the  bunter  and 
the  loaa  In  total  prsseura  due  to  friction, 

Althoxigh  the  burner  off-  ve  length,  the 
thrust  per  oross  eeotlonal  area,  and  hence  the 
combustion  heat  roleaec  per  unit  volume  ere  Impor- 
tant criteria,  they  can  be  compared  only  vlth  other 
combustor 0 and  not  with  an  Ideal  case.  However, 
the  effective  combustor  length  may  be  used  as  an 
parameter  in  plotting  the  various  effloieaoles. 

Evaluation  of  the  measured  quantities  Is 
dependent  upon  r*  It  has  been  found  that  y la&y 
reasonably  be  assumed  to  be  very  close  to  the  com- 
puted value  at  any  given  air  fuel  ratio  (Figure  5). 
More  precisely,  y can  be  determined  by  an  Orsat 
analysis  by  quenching  a gas  sample  to  frccric  the 
equillbrlxim.  It  should  be  nosed  that  the  water 
content  iznist  be  consldej^ed  in  the  determination  of 
Y t-yorz  the  gea  sample' 
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Meftaureiaent  of  tlie  aettxal  streiys  Uxraat  at 
any  section  of  the  tniraaor  »ay  ba  «iad<»  by  mo&msrirns 
tb®  atasaation  preeauro  prof  11®  ami  th®  static 
presmir*®*  By  smployiiig  the  relation  of  th®  static 
to  stagnation  preasur®,  th®  arertig®  Mach  xmciber  at 
tb®  station  may  be  comtmted  and  the  stream  thmst 
R^surodt 

The  heat  loss  per  s€»eond  to  th®  cool<wi  buraar 

/ 

duct  may  be  evaluated  by  the  enwgaatioa  of  th®  heat 
transfer:  rates  to  the  upetress  buraar  cooXImss  «®k»- 
tlons.  ' 31no®  the  vat or  fXov  fluctaates,  sine® 
some  time  is  required  for  the  ooolant  to  approaoh 
equilibrium,  aisd  since  each  water  temperatiur®  is 
recoi*a»d  only  once  every  thirty  two  seconds,  eat^ion 
must  be  exercised  in  approximating  the  instap^tan&DUs 
hsat  transfer  rate« 

From  the  ffieasta‘ed  air  flow  end  air  tetapera- 
tur®  entering  th®  oombustloa  ci*.&ab«rs  th©  m trance 
Mash  n^aibor  and  taapor^ittir©  Is  ktsovnt 


i«Si  ^ JL  idL 
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H@s.lectlng  frietloa,  the  exhaust  tempera tiu?e  ».ay  h# 


l;Se 


.‘■f  £ 


ccsEpnt®d  froa  tho  meacarod  Mach  mnibar  u'felliaiag 
Hayiolgh  lln«  oon8id€w«ation».  Prom  tho  tSKpora- 
ttire,  tho  apeelfle  heat  of  gas  may  be  computed, 
Ea,uatlr?g  fc«at  trsaafer  rtateol 

A riz^at  approximation  of  the  temperature  loss  of 
the  gjas  isay  be  obtained  and  an  axerago  apeelfle 
heat,  'Sp,  computed.  By  iterating,  the  rice  In 
taaporature  and  hsnee  the  incroa.ee  In  Kach  msa*i&- 
■ay  he  computed  to  correct  for  the  cooling  loss, 

The  aasoaptloB  of  Rayleigh  lino  (mctioal*s») 
heating  la  within  the  accuracy  of  the  jBeaeruered 

heat  transfer  rate,  Vith  a acre  roflned  neasur®" 
ment  of  th©  cooling  loaese  it  wou3.d  be  possible  to 
x*eplace  the  tenperattcre  loss  of  tho  gas,  aectlon  by 
section,  with  a acre  accurate  crerage  specific  heat. 
It  should  be  noted  that  thia  correction  to  the 
tenporatura  la  only  of  the  order  of  5 to  6 percent 
of  the  total  taaperature  rise, 

Haxlng  measured  the  Mach  number,  the  section 
ifflpulee,  Fj,  and  the  air  and  fuel  flows,  one  ean 
apply  the  pr incipl®  of  continuity  to  solve  for  the 
air  specific  impulse,  Appendix  I» 
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defining  the  Air  Speoific  Impula© 

Fgy  ss  S^f(Mg) 

Gb 

From  theee  ralwM  the  stagnation  tetapez*ature 
may  bo  computed  and  the  actual  teoperaturo  rise  of 

the  izicoiulng  air  OTajLuated* 

Since  the  Impuiae  in  a constant  area,  frlctlon- 

lesB  dnct  ie  constant,  one  may  compute  the  escit 

Impuiae  from  the  measured  value©  at  the  entrance  to 

the  duct  by  applying  a reasonable  value  of  ‘buraoe* 

dreg.  See  Appendix  I« 

y — y F 

exit  entrance  frict 
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F2*oia  these  values,  the  Air  Specific  Ijapulse, 
aiid  the  rise  in  teEiperattxrs,  asay  be  &* 

before. 

By  util  1 zing  the  pneaaaatic  probe  the  stagrui- 
tion  temperature  of  the  gas  I0  laeaeured  directly  at 
asty  emotion*  By  r^>laolx'ig  the  upstreaoi  tsspsratura 
loeces  tho  true  sfcegEnatlon  teoporature  may  bo  acmir- 
ately  eetiaatod  and  tho  meastired  rise  in  taroperati^re 
computed.  From  these  teraperaturea  the  moa„Tisred  Air 
Specific  Impulse  may  be  computed.  Since  the  pneumatic 
probe  depends  uix*a  the  meaeurod  total  pressure  ^ th® 
2(aoh  manber  and  hence  the  atream  thrust  may  be  corn-* 
puted  from  tho  atatlo  presaur©  tap  at  that  station, 

By  virtue  of  th©  static  pressure  taps  located 
along  the  burner  ono  may  qizite  accurately  estls^to 
the  burning  length  a2od  meaeure  the  flame  tesaperatur© 
at  this  ft  tat  Ion  (Flsur*  the  obvious  advantage  is 

the  minimization  of  the  coolant  correotionB, 

The  burning  length  is  determined  by  noting  the 
point  along  the  bamer  duct  where  th©  presaur©  drop 
through  the  flame  becoiass  tangent  to  the  frictional 
pressure  drop.  These  measurements  provide  a means  of 
correlating  the  reqxiired  burner  length  as  a function 
of  air/fuel  ratios  (for  a given  combustor  geometry). 
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Utlllaiag  tho  aosaeattatt  prasssaarfi#  drop  or  probe 
aeasurament*  tl^»  eomplatoa'jss  of  coabtsa^ion  say  toe 
moasiar'ed  throagJiout  the  »uralis®  lesoigth  of  the  oo»~ 
iJtiQtor.  ¥e  nay,  therefore,  plot  a glTr«i  percentage 
of  conpletion  of  cantottstlca  Teraas  diataaoe  along 
tho  d«ot  for  Tsrioae  ral«»«  of  the  alr-fa^  ratio 
(Figure  5)* 
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Tw  comlJUBtlon  ©fflclenclea  have  been  de- 
fined. and  threo  aethode  ot  enralualilng  th«a« 
©rflcicmciaa  ar«  ontllnad.  In  aeasrcrlns  tih>» 

Air  Spsolfio  both  the  pnmxmatlo  probe 

and  the  ste^piatlon  proemxre  probe  present  approx- 
imately the  Bane  degree  of  aeemraey,  Sl^u^xsld  the 
design  of  the  rocket  be  such  that  separation 
occurs  as  the  incoming  air  x>a88eB  orer  the  rocket, 
the  ©irror  Introduced,  combined  vlth  the  error  Inhar- 
fflut  in  reading  small  ms-noaeter  deflections  at  the 
combustor  entrance,  wotxld  make  the  measiurcment  of 
this  efficiency  at  the  entrance  to  the  combustor 
perhaps  one  percent  less  accorste  than  by  the  two 
prerlous  methods* 

Insofar  sb  the  rice  in  tenporature  ia  con- 
cem0d,eTs.ltiatS.or>  by  meaeurercent  of  entrance  con- 
ditions  is  very  difficult.  Since  Hg  so  'vraluated 
from  the  Impule®  function  ia,  at  a maximum , of  the 
order  of  ,25Z 
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aad  Tjjg  erftlxmted  from  continuity  leS 

’•»!  ■=  <*'^)er2H|a+]:Vi  1^) 

a. 

The  slightest  derrlatlon  in  any  tneaBuremiont  ia 
aagnlfied  approxiieately  on*  handrod  tines  in  the 
e imputation  of  the  exit  Maeh  miaber»  Xa  these 
teetr,  sinoe  the  exit  Mash  aunber  ranges  fron 
about  0«2  to  about  0»5,  extrene  aocuraoy  is  re- 
quired In  the  manometer  roadings  using  the  stag- 
nation probe  method.  The  method,  boweretr,  is 
feasible  and  vlll  proYlde  a much  better  estimate 
of  the  true  stagnation  temperat\ire.  Accuracy  of 
the  order  of  S>5  percent  la  ©atlmated  for  this 
method , 

The  pnsoKsatio  probe  is  accurate  to  a devia- 
tion of  less  then  one  percent,  Althou^ 
pneumatic  probe  la  dependent  upon  manometar  pres- 
sure readings  also,  the  spread  of  Banometer  read- 
ings is  such  as  to  minimize  the  pex*cetxtag*  inac- 
curacy, Tix^Si  r>n«umatic  probe  has  the  addltloml 
advantage  that  temperature  profiles  may  be  measured. 
This  in  cp-pecisJly  advantageous  in  ascartoiniag 
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th©  eoKibiAstor  ftt  wblch  a uniform  tsctporat’JT-e 

pssjfil®  ia  ototaln*A* 

The  author  would  liX»  to  «2cpress  hie  apps^ 
j elation  to  the  personnel  at  Perrestal  Research 

' Canter  for  their  surest  lone,  inspiration,  and  the 
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i operation  of  the  test  projsraa  upon  vhloh  this  thesis 
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APPBSDIX  I 

DERIVATION  OF  STREAM  THRUST  METHOD 

8inpl«  nomedtia  eezi0l(i«ratloiiB  It  can 
b#  shown  that  tha  foro«  aocidaratlng  a fluid  In 
a duot 

adr  * -d{PA)  PdA 

lot  Migrating  batvaan  Stations  1 and  2 


“2^2  “ *^2  “ * - Vt  ♦ ^1*1  WA  - 


•X 


fr 


or  defining  (PAmT)  » PA(1«YX^}  * F 
"2  Icspulaa  function 


/' 


Pda  * *'2**^l^^frlot 


in  a constant  area  bursar  then  da  S 

^ *=  ^-^rrlrt 

temperature.  At  the  isatranoe  to  the  coabustlon  cba:s- 
bar  in  Section  1 there  are  two  concentric  gas  streamaf 
the  rocket  Jet  and  the  raa  cosbustion  air  (Figure  1), 
Therefore  at  Section  1 the  straas  thrust  will  consist 
of  the  air  streasis  thrust  and  the  rocket  atrmm 
thrust  Fy.  Equating S 


i 

ft 
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^2  ” 

*'r  = ’ *f  ^sp  = 

perfectly  expanded  (!)• 

Wjo  asstssption  tiiat  this  l^Jinisr  drs^  ccs?fl“ 
clont  equals  on©  is  made.  This  value  corresponds  to 
ffiOBt  ttssxjmptlone  In  the  literature  and  has  been  proved 
experimentally  to  bo  reasonably  Justified  (h), 

*'frlct  * ^°db^^l'^l‘H  ''  ^iVl^l 
*~5 “ — 2 

Theroforet 


=*  Pj^A^d+Yj^Mj^)  ♦ Eeasurod 

— 5~ 

p r^Y 

Isentropically  = P^  ss 


Expanding  by  the  binomial  theorea! 


^1 


♦ (?r^~Y)M^  ♦ 

5 6 


] 


and  neglecting,  terms  of  order  since  Is  smallj 

‘'i  = J’si'i*  ) 

(Mote;  The  subscript  1 on  the  Mach  miraber  has  been 
dropped  for  Gimpllclty . ) 
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&nd  ainoe 

^2  * “■ 


where  th#  laat  t«rn  Is  nes^lglble. 

The  approx  laat  ion  has  proved  bj  neasured  values 
on  the  burner  to  differ  from  the  exact  measux^ecient. 
by  «4  peroeat  at  an  entrance  Maoh  number  of  .15» 

^2  ~ ^bI‘^2  ^r 

Hence  from  measured  values  of  rocket  thrust 
and  total  pressure  the  lmp\ilse  function  at  Section 
2 may  be  evaluated. 

Exit  pressure  of  the  burner.  If  tmehoked,  is 
barometric.  To  evaluate  Mj,  values  of  t calculated 
for  the  measured  air-fuel  ratio  azM»  used.  This 
asstnnptlon  Introduces  a sli^t  degree  of  error,  in 
view  of  the  fact  that  Tg  will  be  below  the  ceaculated 
adiabatic  flame  temperature  for  that  mixture  ratio. 

Having  computed  Fg  and  Mg  obtain  T^g 

From  continuity  ^ 


* (pVA'g  * PgAgMg 

Substituting  for  In  * P„A..(X-ey^f?) 

w a*  £ JiL  4.  £ 
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*32/f 
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Mg  £rCl-«»Tg-l  Mp 
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'2  - * ^2  * ^2 


Rt  Kg  s=  1 
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GRd  d«flRlli« 

T(M»)  ^ !i-  *= 

* --55- 


u»y^iy|l 


pj"  M ^G(r^iiH]u^rM|) 


Th«  AI2*  6p«olfio  I&pulea  ma.y  then  be  defined; 
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It  is  to  be  noted  that  is  e function  only 
of  N^,  S![g«  and  Eg*  Tg,  7^2  vh«2>e  7^2  ie  aseuned 

to  be  the  adiabatic  flase  taoiperatiirN&,  Thorso- 

ohwalcal  cdsputatlone  of  Gnullibrims  coeipoaltioBUB 

of  oomtowfitScm  p'fnd.ntstn  ai*d  adisbatio  flara©  tcsSip 

s 

tore  tii<?a  tasty  bo  clotted  &s  theoretical  » « T&luee 


versus  &lr  fuel  r&tioa  • 


2e* 


'jrfTS'v . 


'9«'.  HWlS-sesfr 


APFETmiX  II 

DEVTLOPMHNT  OF  THE  PNSIB4ATIC  PEIOBE 

The  pneusiatic  probe  ia  baaed  upon  th©  prin- 
ciple that  the  laasa  flow  through  a choked  orifice 
CEin  bo  measured  as  a function  of  tho  upstream  total 
pressure,  the  orifice  area,  and  the  local  speed  of 
sounds 

2 

Noting  that  (y+D 

The  mass  flow  of  gas  may  be  wid-ttent 


yrr 

“ ^0^8  Ib/aeo 

/r^ 

5 


where  may  be  measured  and  A orifice  is  known. 

If  the  mass  flow  through  the  water  cooled  probe 
Is  chilleds  frozen  equilibrium  may  be  assaoied, 
with  Y and  R constant.  By  now  flowing  this  cooled 
gas  through  a second  sonic  orifice,  the  mass  flow 
may  he  computed  from  measured  yaluea  of  orifice 
area,  stagnation  pressure  and  stagnation  tempera- 
ture, At  the  reduced  gas  temperatures  It  1b 
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possible  to  use  an  unahielded  thcrrao couple  vltb 
no  correction  for  radiation  losses » By  ©ousting 
the  Hu&sa  flovg  the  entrance  stagnation  tssaper&ture 
aay  be  computed J 

® ® ^2^82  f(T^) 


The  ganeral  configuration  of  the  probe  is 
Illustrated  in  Figure  6»  The  hot  gas  is  sacked 
in  through  the  front  orifice  at  sonic  velocity, 
cooled  while  passing  through  the  water  cooled 
probe,  oarrisd  through  an  electrlcallj  heated  tube 
(to  prevent  condensation  of  the  water  producte  of 
combustion)  to  the  second  orifice.  Static  pressure 
taps  are  located  before  and  after  the  second  orifice 
leading  to  mercury  mfenometore.  By  closing  the  line 
to  the  v&euvsm  pujap  both  laanoraeters  will  indicate 
the  total  prasexire  at  the  probe  tip,  Slaoe  the 
tube  to  the  orifice  area  is  so  large,  the  upstream 
tap  reada  essentially  stagimtion.  pressure  while  the 
tap  do vti  etraam  provides  ».  check  that  the  proseisre 
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ratio  In  ;’  -'h  that  »onlc  Toioelty  will  b®  aalntained 
Rcroaa  thla  aocond  orifice. 

Th9  aizo  of  the  orlflcea  1»  la  g«aearal  detor- 
alned  by  the  size  and  heno®  th®  aass  flow  of  the 
Tacmaa  piwp  which  Is  aTallabl®,  For  ease  in  coa- 
stmctlon  and  to  »lnl*lze  the  percentage  of  d«rla- 
tlons  in  areas  fron  oorrosion,  «te*»  the  nazlsum 
area  available  waa  eelectod  oonBlstent  with  the 
capacity  of  the  available  vactzun  pmp  and  & reason- 
able BSTgln  of  oaferty. 

Utilizing  th®  SACA  urit«x*lon  that  a pressure 
ratio  of  ?«2  will  InauzHi  sonic  flow  through  a flat 
plate  orifice,  A-/,  was  selected  at  5,?  (5). 


(Da;  .OAo/D  » *07?}  Biatohlng  drill  sizes 
Since 


*oritlcal  ^ 


lb/ sec 


iaaK5,»um  flow  woxild  occur  at  the  lowost  tonpenaturee 
and  highest  total  pressxtres  anticipated. 

At: 

T = 500°  R,  Pgj,  » 17  Ibs/ln®,  T = 1.4 
the  mass  flow! 

a = ,0505  Ibe/ffiln  s A .00  ftVmin 


27 


at  a vaotwus  presstire  of  1,€51  Iba/ia^  absolute, 
which  !•  well  within  the  llJBlts  of  th©  pxtEp* 

¥hilo  Bonio  ▼elocltlee  siay  be  acblored  at 
leaser  prossiir©  ratios  by  utilizing  a nozzle 
inatead  of  au  orifice,  it  was  found  Dy  the  BACA 
that  a fllzolble  oooling  error  was  Introduced  due 


Ilk  4e  ^ 4^  A 

w w ^ <a*  ^ M ov  WA  4»4*W 


is  long  water 


cooled  nozzle.  Fenoe  a flat  plate  orifice  vlth 
EU  L/D  ratio  of  .t?^>  vns  uaod  (Figure  8)* 

The  general  construction  of  the  pi*ob©  1b  also 
Illustrated  in  Figure  7.  The  Innormoat  gas  tube 
le  l/4  inch  standard  in.  vail)  stain- 

leas  steel  tubing.  Surrounding  this  Is  a 5/8  Inch 
by  *020  Inch  wall  stalnlese  steel  tube  to  for* 
the  inner  cooling  anntilus.  Stainless  steel  was 
chosen  merely  for  Its  resistance  to  rust  end 
corrosion  In  goneral.  The  .020  inoh  waill  vae 
deelJ'ed  in  order  to  equalize  the  inner  cooling 
annulus  arsa  with  the  outer.  Tho  outer  wall  forms 
the  return  cooling  annulus.  Standard  size  I/2 
inch  by  .055  Inch  wall  Inconel  tubing  was  chosen 
because  of  Its  high  melting  point,  Tho  probe  tip, 
containing  the  front  orifice,  was  constructed  of 
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beryMura  copper  becauae  of  the  reaulrement  of  high 
heat  conductlTlty  to  remora  heat  from  the  lip  of 
the  flat  plate  front  orifice  combinad  with  resis- 
tance to  deformation  (Flgxxre  8), 

The  prollffllnary  heat  transfer  calculations 
were  based  upon  the  measured  cooling  water  v^hich 
could  be  flowed  through  an  orifice  85  percent  of 
the  size  of  the  ainimuin  annulus.  The  heat  transfer 
r©  ulrementa  were  then  computed  based  upon  the 
maxlaum  area  of  the  probe  which  could  bo  Inserted 
Into  the  burner  duct. 

Based  upon  McAdams 


*'wator  “ (l».011T)(^ft/se^®  = <J,850  BTU/hr  ft^  °P 

= ..u^M-cSsn  ■ ^ 

\as  * f (rf^)  99.9  BTu/hr  ft*  ®p 


for  cross  flow  of  gas  around  the  tube  at  V=1865  ft/sec 
gas 

The  overall  heat  transfer  coefficient  was  com- 


puted to  be 

U = 96,7  BTU/hr  ft" 


or 

Q s .<549  DTU/ln^  eoc. 
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«wl  ria*  of  the  i«rat<ar 

q A 5«.i 

®Vftt«r 

Theeo  calculations  war*  based  upon  the  eedi-' 
nat«  that  the  thermal  eoeidnetlTltx  of  Inooneil 
could  bo  raproeentod  by  the  condastlrity  «f 
etainlOKS  steal, 

Under  these  ooadltions  the  gas  flov  booosiae 
m s ,0001  84?  U»/se«  and  the  heat  traneferred  t« 
the  isnor  cooling  ananltui  beeaaea  negligible. 

Zt  la  desired  to  queneh  U^e  teeporatucre  of 
the  ineoning  gas  quickly  to  insure  firosSB  equili- 
briuBi.  Howoror,  the  tenperature  wust  be  high 
enoizgh  that  the  gaseous  ester  eoetbustlon  products 
will  not  condense  at  the  preeseres  inside  the 
systsn, 

Under  the  presaores  end  aeea  tXcws  expeo^ 
lesioed  in  the  probe  itself,  it  is  apparsnt  that 
the  Reyzwtlde  sneber  is  each  as  to  place  the  flow 
in  the  leacinar  reglne.  Bence  the  flln  ooefficisct 
h was  computed  from  the  equation  (7)t 


?^is«oslty  raiuoa  at  reduced  px^aKures  were 

tahm  f?x>a  tb©  iiBS*Ttatlon  of  I>?»  Irrla  Q-lassssan 


‘J.000  SM  = 


u 


4000 


9>45 

♦ .00505 


U- 


750 


”17^ 


2^± 


-■  -«.  ,001691 

utlllring  McAdams  counter  flov  heat  transfer 
ecuatloni 


B7U/hr  “ A 


where  A=»d)L  ft' 


L was  determined  to  be  21  laches.  This  doss 
not  represent  an  exact  soln^tlon  but  an  estimate  of 
the  exit  temperatvure , The  actual  solution  would 
hare  placed  the  length  at  about  25  Inches,  but  since 
the  gas  temperature  can  bo  controlled  electrically 
along  the  Incoming  gas  line  It  tras  decided  that  21 
inches  represented  the  tsost  convenient  size  from  a 
mechanical  viewpoint. 

Mechanical  conriderations  dictated  a bend 
radius  of  1.45  to  1»5  Inches,  At  the  minimum 
bend  radius  of  1,45  the  diameter  to  wall  thickness 
as  compared  to  the  bend  radius  to  diameter  placed 
the  outside  tube  In  the  near  region  of  rerulring 
interaal  support,  while  the  two  Internal  tubes 
were  not  critical. 
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The  probe  wa»  ass^bled  ia  oorroot  eli^- 
nisn%  and  a eosiBsx'alal  bending  ailoj  (vflth  a yery 
lo-vf  ©siting,  nolnt)  '-as  por.red  into  it  to  ase'ire 
r’et'-.ntloii  of  the  aligrjsaervt. 

The  probe  wa.a  calibrated  up  to  1500‘^  F in 


W<k>«VW^ 


vaa  run  through  a ooll  of  heated  copper  tt^biztg 
iintoarsed  in  the  iiimace,  the  ter»poratxjro  inea.Bxa’cd 
eight  Inchee  from  Uio  exit  by  a callbj*atod  chromol- 
alunel  thermocouple,  end  past  the  Inserted  probe 
tip*  Sy«ry  proaautlcn  vas  taken  to  aTcld  radiation 
errors  fr<»a  the  water  cooled  probe  tip.  Both  the 
calibrating  and  the  pxp>be  themcoouples  were  cali- 
brated against  standard  RatioMai  Bureau  of  8tand&i*da 
Platinum  - Plat  inrim  ThorKO-iOuplos* 

yalucB  obtained  showed  absolutely  nogllgible  denrin- 
tlona  from  the  Leeds  and  Uorthrap  tfcormocouple  tables 
The  approach  velocity  was  maintained  at  frcia 
20  to  60  feet  per  second.  This  war  to  ths 

possibility  r-f  the  st^eijn  tube  sorubbizig  agalnist  the 
water  cooled  tip  and  hence  Introducizxg  an  erron- 
eously cooler  measured  temperature.  The  general 
cx*iterlon  lei,  that  the  appx*oach  Mach  number  must  be 

such  that  the  froe^  stream  tube  area-  A , ?sraat  bo 

o 
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leofl  th«.n  th«  froatal  es*eft  of  the  prob«  (5)? 


B«7oad  F thd  tasperature  vas  eallbratod 

uttlllzlog  the  9odian  C Xin«  Eeeulte  of 

this  oalihreitios  iadloato  a d«arla1»ion  of  less  than 
one  pere«at« 

One  preeantloo  to  be  acted  is  that  since  the 
probe  Is  extrenelj  sensitive  to  orlfloe  area»  par* 
tleXee  of  osriMn  or  e^dldes  wfeieh  alfht  block  tM» 
erea  can  introduce  eeapions  ®m>rs*  Another  eonald- 
€fci'«itlon  Is  that  tlie  probe  will  Indicate  &n  avere^o 
sicssperature.  To  reduce  the  reepemse  tl»©  the  »®leRd 
••  i*»^be  aixotaid  be  to«*  raialKOB  distant er  sscjsai  stent 
!?lih  the  fle»« 
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Test  Equipment  Layout 


FIGURE  2 
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Duct  OiGmefets  From  Rocket  Nozzle 


NOTICE:  WREN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIF7''ATioNS  OR  OTHER  DATA 
ARE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITi:  A DEFINITELY  RELATED 
GOVERNElS?4T  PROCUREMEPTT  OPERATION,  THE  U.  GOVERNMENT  THEREBY  INCURS 
NO  RSSi^NSiBiLITY,  NOH  ANY  OBLIGATION  , ;ATS0EVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WAY  SLPP)  JED  THE 
SAID  LFtAMNGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGAPDEO  BY 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MARINER  LICENSING  THE  HOLDER  OR  ANY  OTHER 
PERSON  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR  PERMISSION  TO  MANUFACTURE, 
USE  OR  SELL  ANY  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO. 


